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Abstract 
Application of carbon nanotubes (CNTs) to nanometer-scale electronic devices of the next generation is being highly 
expected owing to their prominent electronic properties and mechanical and chemical stability. Controlling local 
strain is a key issue to design and realize such devices because of the interplay between mechanical and electronic 
properties in carbon nanotubes. In this study, we performed semi-empirical tight-binding band calculation of 
single-walled carbon nanotubes (SWCNTs) with various chiral structures to investigate the deformation behavior and 
its relation to electronic properties. 
Firstly, we performed simulation of SWCNTs subject to axial tension, which is one of the simplest deformation 
modes, to investigate their mechanical properties and change in band gap energies. Pristine SWCNTs can hold high 
tensile strain. SWCNTs show transition between semiconducting and metallic features during tension, and the 
transition behavior depends on the chirality of the nanotubes. 
Secondly, we investigated the mechanical and electronic properties of SWCNTs under radial compression, as it is 
relatively easy to apply such deformation, for example by moving an AFM tip to a nanotube lying on a plate. 
SWCNTs are robust under large compression showing no bond breaking or rebonding. The mechanism of the 
peculiar elastic behavior is discussed. CNTs that have finite band gap energies (semiconducting) at unstrained state 
show transition to metallic state under radial compression 
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1. Introduction 
Since its discovery by Iijima (Iijima 1991), the carbon nanotube (CNT) has been drawing attention 
owing to its prominent properties. As the CNT is a hollow tube having rolled-up graphene-like structure 
consisting of hexagonal 6-membered rings of carbon with sp2 bonding, it is highly stable mechanically 
and chemically compared to other conventional materials. For example, the Young’s modulus of CNTs 
has been measured by experiments as hundreds of GPa or larger (Wang et al. 1997; Yu et al. 
2000).Various applications utilizing the robustness of the CNT structures are expected, such as composite 
materials, probes of SPM (scanning probe microscopy), etc. 
CNTs have various structures depending on the number of tube walls, their diameters and the 
direction of 6-membered rings arrangement. The latter two parameters are designated by the chiral vector, 
(m, n). The variety of the structure produces different properties, such as the band gap energy. In addition, 
the interplay between strain and the band structure was pointed out, which motivates studies for 
prospective application of the material as the future electronic devices such as quantum wire and field 
effect transistor (FET). It is therefore an important issue to reveal the strain and deformation of CNTs and 
their influence on electronic properties for the future application. 
To investigate the properties of the nanometre-scale materials, numerical simulation based on the 
quantum mechanics modeling can be a powerful tool as it enables the calculation of electronic structures, 
from which one can evaluate the mechanical and physical properties. With the recent improvement of the 
computer capability, ab initio calculation has become a common way for theoretical investigation of 
materials. It is, however, still not easy to apply the fully non-empirical calculation to the problem of large 
deformation owing to the requirement of enormous computational resources. In contrast, semi-empirical 
quantum mechanics calculation such as the Tight-Binding approximation, where the Hamiltonian in the 
Schr¸dinger equation is expressed using simple functions with parameters and the self-consistent 
calculation is omitted to reduce the computation, can be a solution for the evaluation of change in the 
mechanical and physical properties under large deformation. 
In this paper, we review our computational approaches to the electronic and mechanical properties of 
CNTs, focusing on the behavior under relatively large strain and deformation. Semi-empirical quantum 
mechanics calculations based on the tight-binding (TB) approximation are performed to investigate the 
band gap change of single-walled carbon nanotubes (SWCNTs) subject to axial tension and radial 
compression (Umeno et al. 2004).  
2. Simulation Procedure 
2.1. The Tight-Binding method 
To investigate the band structure of CNTs undergoing strain or deformation, we performed the 
semi-empirical band calculations based on the tight-binding molecular dynamics (TBMD) method, which 
enables us to obtain electronic properties of materials and their deformation behavior. In a tight-binding 
calculation, the Schrödinger equation, H\\  H , is solved, where the Hamiltonian is given by 
VH  2
2
1
,                                                                 (1) 
Where the effective potential of electrons, V, is calculated using simple functions with parameters (TB 
potential). We adopted the TB potential by Mehl and Papaconstantopoulos (Mehl and 
Papaconstantopoulos 1996) after confirming its validity for the CNTs (see Sec. 3.1). 
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2.2. Deformation mode 
The following two types of deformation are considered: 
x Axial tension. This is the simplest deformation mode to materials having the one-dimensional structure, 
where no other deformation mode occurs (e.g. bucking, bifurcation, etc.) until rupture. Tensile strain 
was applied to SWCNTs with various chiral vectors. Tensile strain was increased and the band 
calculation was performed to obtain the band gap energy as a function of strain. Relaxation of atomic 
configuration was ignored because a) in the (8, 8) CNT only slight difference in the atomic 
configuration due to relaxation under = 0.2 (20%) was found and b) we focus on qualitative change in 
the band gap and its relation to the chiral vectors. 
x Radial compression. This is a deformation that can be easily applied to the nanometer-size material, by 
plunging a punch to a CNT lying on a substrate for example. Zigzag-type SWCNTs of (8,0), (12,0) 
and (14,0) chiral vectors were compressed in the radial direction. Increasing point load was applied to 
the tube wall toward the center axis and atomic configuration was relaxed. The band gap energy was 
calculated as a function of the load or deformation. 
3. Results and Discussion 
3.1. Validity of the Tight-Binding method 
To examine the validity of the Tight-Binding potential, we compare the band structure of CNTs 
obtained by the TB method with that by ab initio density functional theory (DFT) calculation based on the 
local density approximation (LDA). For the ab initio calculation we used our house code for the 
norm-conserving pseudopotential (NCPP) method calculation. The pseudopotential by Troullier and 
Martins (Troullier and Martins 1991) was used and the cut-off energy of the plane waves was 50.0 Ry. 
Figure 1 compares the TB parameters in Ref. (Mehl and Papaconstantopoulos 1996) (MP) and in Ref. 
(Tang et al. 1996) (TWCH) for the band structure of the (8, 8) armchair CNT under no external load. The 
result by the MP potential agrees well with the ab initio calculation, while salient difference is found in 
that by the TWCH potential. This suggests that the validity of the TB method depends on the choice of 
the TB potential. The band structure of the (8, 8) and the (9,0) CNTs under tensile strain of H = 0.2 shown 
in Fig. 2 supports the validity of the MP potential for deformed CNTs. Hereafter in this paper we use the 
MP potential. 
3.2. Axial tension 
We classify the tubes into three groups: (a) m-n=3q, (b) m-n=3q+2, and (c) m-n=3q+1, where q is an 
integer. Here, armchair tubes are excluded which remains metallic throughout axial tension. 
Figure 3(a) shows the band gap of the CNTs in group (a) during tension. The gap is zero at the initial 
state. As the tensile stain is applied, a band gap appears in all the tubes. The magnitude of the strain at 
which the band gap appears varies from 0.03 to 0.09. The gap becomes zero again at the high tensile 
strain; i.e. the CNTs shows the metallic-semiconducing-metallic transition. 
Figure 3(b) shows change in the band gap of CNTs in group (b) during tension. The band gap at H = 0 
is positive and the tube with a smaller diameter has a larger band gap energy (Dresselhaus et al. 1992). 
The gap increases in the region of small strain. As the train increases, however, the magnitude of the gap 
decreases, finally resulting in the elimination. A CNT with a larger initial gap possesses higher critical 
strain at which the gap disappears, and the CNTs become semiconducting again as the tensile strain 
increases. 
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As shown in Fig. 3(c), the property of the CNTs in group (c) is similar to that of group (b). The energy 
gap at H = 0 is positive and its magnitude depends on the diameter. The gap is, however, reduced with 
increasing tensile strain and the gap finally closes. The transition strain is dependent on the diameter and 
is relatively small compared to the case of group (b). The tubes become semiconducting again under 
further tension. 
Figure 1: Band structure of (8, 8) armchair CNT under no tension. 
Figure 2: Band structure of (8, 8) and (9, 0) CNTs under tension (ˢˢ= 0.2). 
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Figure 3: Change in band gap energy of CNTs during tension. 
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3.3. Radial compression 
Figure 4 show the relationship between the applied load, P, and the normalized displacement, G, of the 
(8, 0), (12, 0), and (14, 0) tubes, respectively. The change in the shape of the tubes is also depicted in the 
figures. In the case of the (8, 0) tube, the load increases with increasing displacement. The inclination of 
the curve, which corresponds to the elastic resistance against the deformation, increases monotonically 
except the region of small deformation. This is understood as the deformation in an elastic tube obeying 
continuum mechanics – the elasticity is due to the wall of the tube having the resistance against bending. 
On the other hand, in the cases of the (12, 0) and the (14, 0) tubes, the curves consist of two regions; 
gentle slope (G < 0.7) and rapid increase (G > 0.7). In the former stage, the resistance is caused by the 
change in the curvature of the sidewall. The rapid increase of the load over G = 0.7 is explained by the 
repulsion between the top and the bottom walls, because the distance between the walls at G = 0.7 is about 
0.33 nm, which is slightly smaller than the interlayer distance in graphite, 0.335 nm. From these results, 
we conclude that the deformation behavior depends on the diameter of the tubes. It should be noted that 
the shape of the tubes returns to that of the initial state when unloaded; i.e. the deformation is elastic and 
reversible. 
(a) (8, 0) CNT
    (b) (12, 0) CNT                   (c) (14, 0) CNT 
Figure 4: Change in load during radial compression of CNTs. 
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Figure 5 shows the change in the band gap energy of the (8, 0), (12, 0), and (14, 0) tubes under the 
radial compression. The (8, 0) and the (14, 0) tubes have the band gap at G = 0, meaning that they are 
semiconducting at the initial state. In both cases, the band gap decreases with increasing radial 
compression and the gap finally closes; i.e. the conducting-metallic transition occurs. The (8, 0) tube 
needs much smaller displacement for the transition than the (14, 0) tube. The result indicates the 
possibility of controlling the sensitivity of the band gap to the deformation by the diameter. It is worth 
noting that the electric conductivity can be changed repeatedly by loading and unloading because the 
deformation is reversible. In the case of the (12, 0) tube as well, which has a small band gap at the initial 
state, the band gap decreases under compression. 
Figure 5: Change in band gap during radial compression of CNTs. 
4. Conclusion 
To examine the electric conductivity of CNTs under deformation, calculation based on the 
semi-empirical quantum mechanics method using the TB approximation has been performed for 
single-walled carbon nanotubes with various chiral structures. Salient change in the band gap energy is 
found in both axial tension and radial compression. The results indicate the transition between the 
metallic and semiconducting properties under deformation, suggesting that the electric conductivity of 
CNTs can be tunable by applying deformation. The study shows that the semi-empirical quantum 
mechanics simulation is an efficient and powerful tool to clarify the interplay between the physical and 
mechanical properties. The so-called mutiphysics simulation may pave the way for designing the future 
microscopic devices. 
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